M
ycoviruses (or fungal viruses) with RNA or, rarely, DNA genomes are ubiquitous in plant-pathogenic fungi (1, 2) . Based on genome nature, all known RNA mycoviruses were classified into three groups: double-stranded RNA (dsRNA), positivesense single-stranded RNA (ϩssRNA), and the recently discovered negative-sense single-stranded RNA (ϪssRNA) (3, 4) . Mycoviruses with dsRNA genomes are usually encapsidated in rigid particles and are so far classified into six families, including two newly established families, Megabirnaviridae and Quadriviridae (1, 5, 6) . However, an increasing number of newly discovered and characterized dsRNA mycoviruses remain unassigned (7, 8) .
The relationship between the presence of mycoviruses and their impact on their fungal hosts is complicated. Most of the known mycoviruses cause little or no obvious symptoms on their hosts, and a very few mycoviruses have been shown to benefit their fungal hosts (9, 10) . The majority of studies have so far focused on mycoviruses that are associated with hypovirulence or other phenotypic changes in economically important phytopathogenic fungi (4) . The hypovirulence-associated mycoviruses have the potential for development as biocontrol agents for combating fungal diseases and for exploitation as tools to explore the basic biology of their fungal hosts (1, 2, 11) . A hypovirulent strain of Cryphonectria hypovirus 1 (CHV1) was successfully used for biocontrol of the chestnut blight disease in Europe (12, 13) . Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV1) was successfully demonstrated to be effective in reducing Sclerotinia disease incidence under field conditions (14, 15) . Thus, virocontrol (biocontrol of plant fungal diseases via application of mycoviruses) is a viable approach for biological control of fungal diseases under both forest and agricultural ecological systems.
The ascomycetous fungus Sclerotinia sclerotiorum is one of the most devastating plant pathogens, infecting more than 450 plant species (16) . This phytopathogenic fungus causes stem rot disease, which is the most important disease of rapeseed and is responsible for enormous economic losses every year in China. Currently, environmentally friendly strategies, including breeding for resistance to control this disease, are unavailable. Application of chemical fungicides has some potential risks to the environment and human health and is difficult to justify due to increased public sentiment against the use of chemical fungicides. Stem rot disease, caused by the fungus S. sclerotiorum, represents therefore a significant economic and public relations problem. Screening for hypovirulence-related mycoviruses from populations of S. sclerotiorum is an initial step to virocontrol as an optional strategy for stem rot disease. Moreover, S. sclerotiorum is known to host various mycoviruses belonging to at least five virus families, including Partitiviridae, Alphaflexiviridae, Hypoviridae, Endornaviridae, and Narnaviridae, in addition to three unassigned novel mycoviruses (2, 3) . Importantly, at least 10 hypovirulence-associated mycoviruses have been recently identified and demonstrated to have a promising potential as virocontrol agents for Sclerotinia diseases (2, 3, 17, 18) . Sclerotinia mycoviruses show rich diversity and contribute to establishment of a new host-mycovirus system (S. sclerotiorummycovirus) for studying virus-host interactions. This interaction system will help to elucidate the molecular basis of fungal pathogenicity and interactions between mycoviruses and their host at the molecular level. Therefore, it is necessary to discover more new hypovirulence-associated mycovirus isolates for virocontrol of stem rot of rapeseed or mycovirus-related latent infection to enrich mycoviral ecology research. The newly discovered mycoviruses not only enrich virocontrol resources but also enhance research on mycoviral ecology.
In this study, we demonstrate that S. sclerotiorum strain SX466 harbors three unrelated mycoviruses (two with dsRNA genomes and one with an ssRNA genome) and determine the full-length cDNA sequence of a novel dsRNA virus (Sclerotinia sclerotiorum megabirnavirus 1 [SsMBV1] ) and the genomic organization of SsMBV1. L1-dsRNA/SsMBV1 is similar to a previously reported bisegmented dsRNA mycovirus, Rosellinia necatrix megabirnavirus 1 (RnMBV1), whereas L2-dsRNA/SsMBV1 contains a conserved papain-like protease domain, and phylogenetic analysis suggests that horizontal gene transfer (HGT) may have occurred from an ssRNA virus (hypovirus) to a dsRNA virus (SsMBV1). Transfection experiments suggest that SsMBV1 has little or no impact on S. sclerotiorum.
MATERIALS AND METHODS
Fungal strains and culturing. Strain SX466 was isolated from a sclerotium collected from a diseased stem of rapeseed plant (Brassica napus) in Shanxi Province, People's Republic of China. S. sclerotiorum virus-free strain Ep-1PNA367 was a single-ascospore isolate of strain Ep-1PN (19) and served as a recipient strain for virus-like particle (VLP) transfection assays. S. sclerotiorum strain 1980 is a reference strain whose genome has been sequenced (20) . Strain 1980R was genetically labeled with a hygromycin resistance gene and served as a recipient strain for horizontal transmission assays. To further confirm that strain SX466 is an isolate of S. sclerotiorum, the ribosomal DNA (rDNA) gene fragment of the internal transcript spacer (ITS) of strain SX466 was amplified and sequenced. The results showed that SX466 is unquestionably an isolate of S. sclerotiorum. All S. sclerotiorum strains and their derivatives in this study were maintained at 20°C on potato dextrose agar (PDA) and stored at 4°C on PDA slants, and the dried sclerotia were stored at Ϫ20°C.
Extraction of VLPs and electron microscopy observations. Viruslike particles (VLPs) were isolated from mycelia of strain SX466 via differential centrifugation and concentrated by sucrose density gradient centrifugation as previously described with minor modifications (5, 21) . The VLPs were suspended in 100 l of 0.05 M sodium phosphate buffer (pH 7.4) and then used for SDS-PAGE, polypeptide mass fingerprint-mass spectrum (PMF-MS) analyses, transmission electron microscope (TEM) observations, dsRNA extraction, and infectivity assays.
Extraction and purification of dsRNA from mycelium and VLPs. S. sclerotiorum strains for dsRNA extraction were cultured on PDA overlaid with a cellophane membrane for 4 days, and mycelium was collected with a sterile spatula. dsRNA was extracted from fungal mycelia by CF-11 cellulose (Sigma-Aldrich, Dorset, England) chromatography, whereas the dsRNA from purified VLPs was released by using phenol-chloroform extraction as described previously (22) . Samples of dsRNA were successively treated with DNase I and S1 nuclease (TaKaRa, Dalian, China) and separated by agarose gel electrophoresis. The dsRNA bands were cut from an ethidium bromide-containing agarose gel with a sterile knife under UV illumination and then were purified with a gel extraction kit (Axygene, Hangzhou, China). The purified dsRNA was stored at Ϫ20°C or used for cDNA cloning or Northern blot analysis.
Full-length cDNA cloning and sequencing. To characterize the dsRNA segments, cDNA libraries were constructed according to previous reports (23), using a cDNA synthesis kit (Fermentas, Ontario, Canada) with a tagged random primer, dN6 (5=-CGATCGATCATGATGCAATG CNNNNNN-3=). Briefly, the purified dsRNA (about 100 ng) was denatured with 10% dimethyl sulfoxide (DMSO) at 98°C for 15 min and then reverse transcribed according to the manufacturer's instructions. The reverse transcription (RT) products were treated with NaOH (0.1 M final concentration at 68°C for 60 min) for denaturation, and then HCl and Tris-HCl (pH 8.0) with 0.1 M final concentrations were used for neutralization and annealing. The reaction contents were incubated at 68°C for 1 to 2 h, and a mixture of partial double-stranded cDNAs (dscDNAs) was synthesized. Taq DNA polymerase was used for synthesis of complete dscDNAs. The random dscDNA products were then amplified from the constructed dscDNA library using a single specific primer (5=-CGATCG ATCATGATGCAATGC-3=) and were ligated into pMD18-T vector (TaKaRa, Dalian, China) according to the manufacturer's recommendations. Recombinant colonies were randomly selected, and individual clones containing dscDNA inserts (Ͼ0.5 kb) were identified by nucleotide sequence analysis. Gaps in the sequence were filled in by RT-PCR with sequence-specific primers designed according to sequences flanking the gaps.
The 5=-and 3=-terminal sequences were determined by RACE-PCR (rapid amplification of cDNA ends-PCR) according to a previously reported method (24) . An "anchor primer," the PC3-T7 loop (5=-p-GGAT CCCGGGAATTCGGTAATACGACTCACTATATTTTTATAGT GAGTCGTATTA-OH-3=), was ligated to purified dsRNA using T4 RNA ligase and used for the RT reaction. The primer PC2 (5=-CCGAATTCCC GGGATCC-3=), designed based on the corresponding sequence of the PC3-T7 loop, and sequence-specific primers designed based on the available sequence and proximal region sequences were used for the amplification of terminal sequences. The expected PCR products were recovered and purified with a gel extraction kit (Axygen) and then cloned into the pMD18-T vector (TaKaRa) for sequencing. To achieve high-quality consensus sequences and to avoid laboratory PCR artifacts, each nucleotide of full-length cDNA was sequenced a minimum of three times.
Sequence analysis, alignment, and phylogenetic analysis. The basic features (lengths, GϩC content, etc.) of a full-length cDNA sequence of mycovirus genomic RNAs were analyzed using DNAMAN software. Potential open reading frames (ORFs) and conserved domain(s) of fulllength cDNA sequence of a mycovirus were identified using the ORF finder and CD-search on the website of the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) and the motif scan website (http://www.genome.jp/tools/motif/). All sequences of mycoviruses used in this study were retrieved from the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/genomes) and used for comparative analyses. Multiple alignments of conserved sequences of RNA-dependent RNA polymerase (RdRp) or peptidase were conducted using the CLUSTAL-X program (25) . Phylogenetic trees were generated using the neighbor-joining (NJ) method with 1,000 bootstrap replicates in the software of MEGA5 and SplitsTree (26, 27) . The stem-loop structures of terminal sequences of mycoviruses were predicted using the program RNA folding with the default settings at the Mfold website (http://mfold .rna.albany.edu/?qϭmfold/RNA-Folding-Form) (28) . Prediction of RNA pseudoknots was performed using the program DotKnot (29) as implemented at http://dotknot.csse.uwa.edu.au/. The free energy value for each predicted structure was provided by the respective prediction program. The Phyre2 server was used to predict the three-dimensional structure of protein sequences with a homology modeling method (30) . The structural images of proteins were created using the PyMOL molecular viewer.
Horizontal transmission assay. To explore horizontal transmission of dsRNA segments via hyphal anastomosis, strain SX466 (donor) and mycovirus-free virulent strain 1980R (recipient) were cocultured on the same PDA plates. Two mycelial agar discs from selected strains were dually cultured on a PDA plate. When the two colonies contacted each other for 48 to 72 h, mycelial agar discs were taken from the side of the recipient strain farthest from the contact point between the two colonies. All new isolates were purified by hyphal-tip isolation and cultured on PDA containing 30 g/ml hygromycin. This process was repeated a minimum of three times. The newly virus-infected isolates were then cultured on PDA without hygromycin and tested for mycovirus content and biological properties.
Transfection of protoplasts with VLPs. Protoplast preparation of virus-free S. sclerotiorum strain Ep-1PNA367 was performed according to a previously described method (31) . Purified VLPs (5 l; about 50 to 200 ng) were introduced into protoplasts (about 10 6 /ml) using polyethylene glycol 4000 (PEG 4000) as previously described (21) . Transfected protoplasts were individually transferred to new PDA plates and incubated at 20°C until regenerated mycelia covered the surface of PDA plates. Fifteen regenerated isolates were randomly transferred to fresh cellophane-overlaid PDA to assay for mycovirus infection using dsRNA extraction and RT-PCR. All transfected regenerated isolates were subcultured at least three times to confirm mycovirus stability in each isolate.
Total RNA extraction, RT-PCR, real-time quantitative PCR, and Northern blot hybridization analysis. Total RNA from fungal strains was prepared with the TRIzol reagent (Invitrogen) and used for RT-PCR amplification to test for mycovirus content using virus-specific primers. The specific primers S1-F (5=-GTGCACCGAGCCCAACTATTGG-3=) and S1-R (5=-ACTAAACAGCTCAGGCGATTGC-3=) were used for L1-dsRNA/SsMBV1, and primers S2-F (5=-TGCCGCAACAGCTGCATTGTC-3=) and S2-R (5=-TGTGCTCCATAACACTCCACCATCA-3=) were used for L2-dsRNA/SsMBV1. Specific primers P-F (5=-GGAGGATGTGGTAG TAAAAAAGGTG-3=) and P-R (5=-ATAACGAATCTGGTAAGAACCGA GT-3=) were used for an uncharacterized partitivirus isolated from strain SX466. Two specific primers, mito-F (5=-AAATTAGGCATTGGTCTGA TCGGAT-3=) and mito-R (5=-TCCCTCAAGTCTTCGCTGCCTATAA-3=), were used for a mitovirus in strain SX466. At the same time, ␤-tubulin gene-specific primers SS-␤-tubulin F (5=-TTGGATTTGCTCCTTTGAC CAG-3=) and SS-␤-tubulin R (5=-AGCGGCCATCATGTTCTTAGG-3=) were used as an internal control.
To evaluate L1-dsRNA/SsMBV1 transcript levels in S. sclerotiorum in the presence or absence of L2-dsRNA/SsMBV1, relative quantification was performed with the SYBR green RT-PCR on a CFX96 real-time system (Bio-Rad, Hercules, CA, USA). Total cDNA abundance in the samples was normalized using the tubulin gene as an internal control, which was amplified by primer pair SS-␤-tubulin-F-SS-␤-tubulin-R.
Northern hybridization analysis was performed as previously described (22) . SsMBV1 cDNA clones were labeled with digoxigenin and used to probe the RNA blot.
Growth rate and virulence assays. Mycelial growth rate, colony morphology, and results of the virulence test on detached leaves of rapeseed (Brassica napus) or soybean (Glycine max) were evaluated according to the procedures described by Zhang et al. (31) . Biological property data were analyzed by one-way analysis of variance using the SAS8.0 program. Differences with P values of Ͻ0.01 were considered statistically significant.
Nucleotide sequence accession numbers. The complete nucleotide sequences of bisegmented dsRNA virus SsMBV1 reported here have been deposited with the EMBL/GenBank/DDBJ databases under accession numbers KP686398 and KP686399.
RESULTS
S. sclerotiorum strain SX466 carrying dsRNA segments showed hypovirulence traits. More than 1,000 sclerotia were isolated from diseased rapeseed plants in Shanxi Province, China. All the sclerotia were repurified using conventional methods under laboratory conditions and then screened for abnormal colony morphology on PDA plates kept at 20°C. One among more than 50 isolates with abnormal colony morphology, designated strain SX466, was further characterized in the present study.
Although strain SX466 was originally isolated from a sclerotium, this strain lost its capability to produce sclerotia and its phenotype was markedly different from that of normal S. sclerotiorum isolates. Compared to virus-free strain Ep-1PNA367, strain SX466 showed abnormal colony morphology and lower growth rate (1.3 cm/day compared to 2.3 cm/day for virus-free strain Ep-1PNA367) ( Fig. 1A and B, respectively). The virulence assays of these two strains were performed on detached rapeseed leaves. Strain SX466 formed a small lesion with a diameter of 0.8 cm, whereas strain Ep-1PNA367 caused a larger and a typical disease lesion on leaves with a diameter of 2.7 cm (Fig. 1C and D) . Thus, SX466 is an S. sclerotiorum strain with abnormal colony morphology and is relatively less virulent than the virus-free strain Ep-1PNA367.
As strains with abnormal phenotypes usually carry mycoviruses based on previous reports, dsRNA segments were extracted from mycelia of strain SX466 and separated on 1% agarose gels. Following digestion of the dsRNA samples with DNase I and S1 nuclease, at least four distinct dsRNA segments were visible on agarose gels under UV light and tentatively named L1-, L2-, M-, and S-dsRNAs. All dsRNA segments were purified and used for cDNA cloning.
Partial sequences of four dsRNA segments were obtained via random PCR amplification and analyzed on the NCBI website with the blastx program. The cDNA sequences of L1-and L2-dsRNA share similarity to those of Rosellinia necatrix megabirna-virus 1 (RnMBV1). The full-length cDNA sequences of these two dsRNAs were determined in this study. M-dsRNA showed the highest sequence identity (93%) to the putative RNA-dependent RNA polymerase (RdRp) of Sclerotinia sclerotiorum mitovirus 2 (SsMV2) (family Narnaviridae) (accession number AGC24231), and thus, the M-dsRNA was presumed to represent the genome of a strain of SsMV2 based on ICTV species demarcation criteria in the genus Mitovirus (32) . Partial cDNA sequences of S-dsRNA segments exhibited 30 to 40% amino acid sequence identity to RdRp and coat protein (CP) of Sclerotinia sclerotiorum partitivirus S (family Partitiviridae) (accession number YP_003082248), and thus, the S-dsRNA was presumed to represent a new partitivirus with a genome of two similarly sized dsRNA segments.
Purified VLPs containing L1-and L2-dsRNA segments. VLPs were isolated and purified from mycelium of strain SX466 using a 10 to 40% sucrose gradient centrifugation. VLP fractions containing dsRNA were identified by RT-PCR with specific primers designed based on cDNA sequences of dsRNA segments. For L1-and L2-dsRNA-containing fractions, rigid spherical VLPs of approximately 45 nm in diameter were observed under a TEM ( Fig. 2A) . Following dissociation of the purified VLPs, two clear dsRNA segments were detected in agarose gels and their migration rates were electrophoresis on 1% agarose of dsRNA extracted from mycelia and purified VLPs, respectively; samples from mycelium were treated with DNase I and S1 nuclease prior to electrophoresis. Lane M, DNA molecular size markers. (C) SDS-PAGE of purified SsMBV1 VLPs (from strain SX466) on a 10% polyacrylamide gel showing two prominent bands (p135 and p80, respectively). similar to those extracted directly from mycelium of strain SX466 (Fig. 2B) . Thus, L1-and L2-dsRNA segments were presumed to be mycoviral genomes.
Protein components of SsMBV1 VLPs were separated on a polyacrylamide gel by SDS-PAGE, and two major proteins (p135 and p80) were detected with approximate sizes of 135 kDa and 80 kDa (Fig. 2C) . We attempted unsuccessfully to purify partitivirus particles.
Full-length cDNA sequences, genome organization of L1-dsRNA/SsMBV1 segment, and phylogenetic analysis. To clarify the genomic organization of SsMBV1, full-length cDNA sequences of two L-dsRNA segments were determined by assembling more than 100 overlapping clones. Genome organization is depicted in Fig. 3A .
L1-dsRNA is 8,806 nucleotides (nt) in length with a GC content of 49.1% and has two large open reading frames (ORFs), ORF1 and ORF2, in different frames on the genomic plus strand. ORF1 begins with AUG at positions 1553 to 1555 and terminates with UAA at positions 5306 to 5308, and ORF2 begins with AUG at positions 5419 to 5421 and terminates with UAG at positions 8770 to 8772. The L1-dsRNA has a long 5= untranslated region (UTR) of 1,552 nt but a relatively short 3= UTR of 37 nt. The deduced amino acid sequence of ORF1 was found to code for a protein of 1,250 amino acid (aa) residues with a calculated molecular mass of 137 kDa, whereas ORF2 encodes a 1,116-amino-acid (aa) protein of 125 kDa. The pI values of the 137-kDa and 125-kDa proteins are 6.63 and 6.40, respectively. A BLASTP search and a conserved motif search were made using the putative protein sequences encoded by ORF1 or ORF2. The results showed that the ORF1-encoded putative protein has no sequence similarity to any known protein with the exception of coat protein (accession number YP_003288762) encoded by RnMBV1 and the ORF2-encoded protein with an RdRp domain (RdRP_4, pfam02123) and 44% identity to RdRp encoded by RnMBV1.
Although the sequences of ORF1 and ORF2 are nonoverlapping, it is notable that there are no in-frame stop codons upstream of the ORF2 start codon until the UGA at nucleotide (nt) positions 5293 to 5295 that is located upstream of the ORF1 stop codon (nt positions 5306 to 5308). RdRp appears to be expressed as a CPRdRp fusion as evinced by the presence on the plus strand of L1-dsRNA of two cis-acting elements, a heptanucleotide frameshift site and a downstream pseudoknot that are required for Ϫ1 translational frameshift (33) . The putative shifty heptamer motif (5299-AAAAAAC-5305) that is located upstream of the ORF1 stop codon is consistent with typical shifty heptamer motifs of "XXXYYYZ," where XXX can be any 3 identical nucleotides, YYY can be either AAA or UUU, and Z is usually not G (34). This motif could facilitate ribosomal frameshifting. The RNA pseudoknot (nt 5337 to 5403) with the ⌬G value of Ϫ27.19 kcal/mol is located downstream of the shifty heptamer motif (Fig. 3B) . The pseudoknot structure usually facilitates pausing of the translating ribosome and increasing the frequency of frameshifting (35) . Moreover, the pseudoknot structure commonly exists in dsRNA mycoviruses belonging to the family Totiviridae (36) . Thus, LdsRNA probably represents a novel dsRNA mycovirus and was tentatively named SsMBV1 (Sclerotinia sclerotiorum megabirnavirus 1).
The potential secondary structures of 5=-and 3=-terminal sequences were predicted on the plus strand of L1-dsRNA/SsMBV1 using the Mfold program. The results showed that the 5=-terminal sequences (nt positions 1 to 55) and 3=-terminal sequences (nt positions 8755 to 8806) could be folded into potential stable stemloop structures with ⌬G values of Ϫ20.70 kcal/mol and Ϫ10 kcal/ mol, respectively ( Fig. 3C and D) .
To better understand the relationship between SsMBV1 and other viruses, multiple alignment was performed and phylogenetic trees were constructed based on the conserved RdRp domain. Multiple alignment revealed that the RdRp domain of SsMBV1 contained eight conserved motifs (Fig. 4A) . (Fig. 4B) . A phylogenetic tree based on coat protein was constructed, and the result was similar to those of RdRp analysis (Fig. 4C) .
Characterizations of two L2-dsRNA/SsMBV1-encoded putative hypothetical proteins containing a conserved protease domain. The full-length cDNA sequence of L2-dsRNA was determined and was deposited in GenBank. Sequence analysis indicated that it is 7,909 nt in length with a GϩC content of 50.2%. Two large putative ORFs, ORFA (nt positions 1586 to 6464) and ORFB (nt positions 6521 to 7595), were identified on the positive strand of the L2-dsRNA with the 5= UTR being 1,585 nt and the 3= UTR being 414 nt (Fig. 3A) . ORFA and ORFB were separated by 57 nt. It is important to note that the 5= UTR sequences of L1-and L2-dsRNA share 98% sequence identity based on alignment analysis. Moreover, the first 250 nt of the 5= UTR from the two LdsRNAs are strictly conserved sequences and show 100% sequence identity (data not shown). Although the 5= UTRs showed highly conserved sequences, the 3= UTRs (32 nt) were apparently less conserved, with 43.8% (14/32) sequence identity. No other region of sequence identity between the L1-and L2-dsRNA was detected at the nucleotide and amino acid levels. The 5=-terminal sequences (nt positions 1 to 55) of L2-dsRNA formed a putative stem-loop structure that was the same as L1-dsRNA (Fig. 3C) , whereas the 3=-terminal sequences (nt positions 7836 to 7909) of L2-dsRNA could be folded into a triple stem-loop structure with the ⌬G value of Ϫ26.70 kcal/mol (Fig. 3E) .
ORFA encoded a large putative hypothetical protein of 1,626 aa with a calculated molecular mass of 179 kDa and a predicted pI value of 6.53. A BLASTP and conserved motif search revealed that the N-terminal region (aa positions 215 to 306) of putative ORFA encoded a protein containing a conserved protease domain (Peptidase_C7, pfam01830) that has 29% sequence identity (E value ϭ 3eϪ07) with papain-like cysteine protease p29 of Cryphonectria hypovirus 1 (CHV1), and the C-terminal region (aa positions 1016 to 1626) of ORFA-encoded protein has 33% sequence identity (E value ϭ 5eϪ64) to the corresponding sequence of ORF3-encoded protein from RnMBV1 (Fig. 3A) .
The three-dimensional structure of the protease domain encoded by ORFA of L2-dsRNA was predicted with Phyre2 using the principles and techniques of homology modeling (30) . The helper component protease (HC-Pro) (Protein Data Bank code c3rnvA), which is a multifunctional protein, including protease activity, and is commonly encoded by viruses of family Potyviridae (37), was selected as the template to construct the model of the putative protease protein of L2-dsRNA. The results revealed that 87 residues were modeled with 97.2% confidence and 95% coverage of HC-Pro (Fig. 5A) . The three-dimensional structure of the protease domain of L2-dsRNA was similar to that of the potyvirus 2 helper-component protease (Fig. 5B) .
Bioinformatic analysis of the putative protease domain derived from ORFA-encoded protein showed that it was similar to that (ORF1 and ORF2) . The dotted-line box indicates a possible extension of ORF2 via a Ϫ1 translational frameshift mechanism. The putative coat protein (CP) and RNA-dependent RNA polymerase (RdRp) are shown as blue and red boxes, respectively. L2-dsRNA contains two ORFs (ORFA and ORFB) and encodes two putative hypothetical proteins with unknown functions. The ORFA-encoded protein contains a conserved domain of papain-like cysteine protease that shares 29% amino acid sequence identity with p29 of hypovirus CHV1. The C-terminal portion of the ORFA-encoded protein shares 33% amino acid sequence identity with the corresponding sequence of dsRNA2 of RnMBV1. The 5= untranslated region (UTR) is conserved between L1-and L2-dsRNAs with 98% identity. Regions used for probes in Northern blotting (Fig. 7) are indicated by purple lines: probe 1 (nt 25 to 782) and probe 2 (nt 1587 to 2308) on L1-dsRNA and probe 3 (nt 1633 to 2250) on L2-dsRNA. (B) Predicted pseudoknot structure immediately downstream of a putative frameshift site. The RNA secondary structure was predicted by the KnotSeeker program. (C to E) Predicted secondary structures of the terminal sequences of the positive strand of L1-and L2-dsRNA. The 5=-terminal sequence of the positive strand of L1-and L2-dsRNAs could be folded into a potential stable stem-loop structure (C). Predicted secondary structures of the 3=-terminal sequences of L1-and L2-dsRNA are shown with double (D) and triple (E) stem-loop structures, respectively. Default settings were utilized for secondary structure analyses. All secondary structures are depicted in a style modified from the ones provided by the program.
found in all known hypoviruses of the family Hypoviridae. Based on sequence alignment with eight reported hypoviruses, we found a highly conserved predicted autoproteolytic catalytic site (aa positions Cys 222 and His 252 ), the typical characteristic of a papainlike cysteine protease, in the N-terminal region of ORFA-encoded protein. Moreover, a putative polyprotein cleavage site (aa position Gly 306 ) was detected downstream of this deduced papain-like protease domain (Fig. 6A) . Phylogenetic analysis further supported that the protease domain in ORFA was most closely related to that in CHV1-ORFA and clustered in a phylogenetic clade with two other hypoviruses, CHV3 and Fusarium graminearum virus 1 (FgV1)-ORF1 ( Fig. 6B and C) . Interestingly, this clade is separated from other known hypoviruses. Hence, the protease domain of L2-dsRNA appears to be the result of horizontal gene transfer events between two ostensibly unrelated virus groups (dsRNA and ssRNA virus groups).
ORFB encoded a small putative hypothetical protein of 358 amino acids with a calculated molecular mass of 40 kDa and a predicted pI value of 8.84. There are no sequence similarities to any known proteins in the NCBI protein database. Furthermore, no conserved motifs related to replicase were observed using the PROSITE motif database and conserved domain database, suggesting that the L2-dsRNA could not replicate independently.
L2-dsRNA/SsMBV1 is dispensable for SsMBV1 replication and packaging. To further explore whether SsMBV1 is associated with phenotypic alterations in host fungal strain SX466, purified SsMBV1 VLP fractions were transfected into protoplasts of virusfree strain Ep-1PNA367 via a PEG-mediated protocol. Mycelial agar discs were taken randomly from the colonies generated from protoplasts transfected by VLPs and transferred into fresh PDA plates for subculturing for a minimum of two times. Fifteen colonies generated from protoplasts were randomly selected and individually cultured and tested for the presence of dsRNA segments. The results indicated that the purified VLPs successfully transfected protoplasts of strain Ep-1PNA367. It is interesting that all tested transfection derivatives were divided into two different types based on dsRNA content. Two-thirds of derivatives from the transfected protoplasts were found to harbor only L1-dsRNA/ SsMBV1 but with loss of L2-dsRNA/SsMBV1 (such as A367V4), whereas the remaining one-third of derivatives was found to harbor both L1-and L2-dsRNA/SsMBV1 (such as isolate A367V2). These results were further confirmed by RT-PCR amplification and Northern blot analysis (Fig. 7) . None of the regenerated transfectants contained L2-dsRNA/SsMBV1 alone. Since all tested transfectants were subcultured for more than 10 times via hyphal tip or protoplast isolation, L1-dsRNA/SsMBV1 is competent for replication in all tested strains of S. sclerotiorum regardless of whether L2-dsRNA/SsMBV1 exists. Moreover, new transfectants containing L1-dsRNA/SsMBV1 but lacking L2-dsRNA/SsMBV1 were successfully and stably transmitted to virus-free strain Ep-1PNA367 via hyphal fusion. However, compared to L2-dsRNAfree transfectants (A367V3 and A367V4), the transcript level of L1-dsRNA/SsMBV1 was markedly increased in L2-dsRNA/ SsMBV1-infected transfectants (A367V1 and A367V2) (Fig. 7E) .
To further explore whether L1-dsRNA/SsMBV1 alone is packaged in VLPs in the new transfectants, VLPs were reisolated from the transfectant A367V3 or A367V4, respectively. The results showed that VLPs, similar to the original VLPs extracted from strain SX466 in morphology, were observed in both new transfectants, suggesting that L1-dsRNA/SsMBV1 alone could be pack- aged in VLPs without L2-dsRNA/SsMBV1. The yield of particles, however, from transfectants carrying L1-dsRNA but lacking L2-dsRNA was significantly lower than original strain SX466 or transfectants carrying both L1-and L2-dsRNA of SsMBV1 (data not shown).
In addition, a horizontal transmission assay was performed between strain SX466 and 1980R via hyphal contact on one PDA plate (Fig. 8A) . Two L-dsRNA segments were transmitted from donor strain SX466 to recipient strain 1980R. Interestingly, newly virus-infected isolates were also placed into two groups based on their dsRNA segment content (Fig. 8B) . Isolate 1980RV3, which could grow on PDA containing hygromycin, carried both L1-and L2-dsRNA of SsMBV1, whereas isolate 1980RV2, with resistance to hygromycin, harbored only L1-dsRNA/SsMBV1 and lacked L2-dsRNA/SsMBV1 (Fig. 8B) . These results are consistent with those of the transfection assays.
Analysis of SsMBV1 VLP structural proteins in absence or presence of L2-dsRNA. To elucidate VLP structure from two groups of transfectants, the VLPs purified from transfectant A367V2 infected by SsMBV1 and from transfectant A367V4 infected by SsMBV1 but lacking L2-dsRNA/SsMBV1, respectively, were denatured and then subjected to SDS-PAGE analysis. Two major protein bands with approximate sizes of 135 kDa and 80 kDa, which were similar in size to virus proteins extracted from strain SX466, were detected whether L2-dsRNA/SsMBV1 was present or absent (Fig. 7C) . However, similar proteins were not detected in preparations from the virus-free Ep-1PNA367 strain under the same protocol conditions for the virus-infected strain (Fig. 7C) .
VLP proteins p135 and p80 isolated from A367V2 and A367V4, respectively, were further analyzed using PMF-MS. The results of PMS analysis are shown in detail in Tables S1 to S4 in the supplemental material. p135 and p80 of SsMBV1 VLPs isolated from A367V2 generated a total of 52 and 22 peptide fragments, respectively, of which 77% (40/52) of peptide fragments from p135 matched protein encoded by ORF1 and 23% (12/52) of peptide fragments matched protein encoded by ORF2 on L1-dsRNA/ SsMBV1 (see Table S1 ). Forty-one percent (9/22) of peptide fragments from p80 matched protein encoded by ORF1, whereas 45% (10/22) of peptide fragments matched protein encoded by ORF2 (see Table S2 ). It is of interest that 14% (3/22) of peptide fragments matched ORFB-encoded protein on the L2-dsRNA. p135 and p80 from SsMBV1 VLPs lacking L2-dsRNA generated a total of 65 and 8 peptide fragments, respectively. The sequences of 47 out of 65 peptide fragments corresponded to ORF1-encoded protein p135, and the sequences of the remaining 18 corresponded to ORF2-encoded proteins (28%, 18/65) (see Table S3 ). On the other hand, p80-derived peptide fragments contained only ORF2-encoded protein sequence (see Table S4 ). Based on PMF analysis and predicted molecular masses of ORF1-and ORF2-encoded proteins (137 and 126 kDa, respectively), p135 is a mixture of ORF1-and ORF2-encoded proteins. p80 might be generated via different events in processing ORF1-or ORF2-encoded proteins or derived from these two proteins via posttranslational modification.
Taking together the results of genomic sequence analysis of the two dsRNA segments, we presume that SsMBV1 is a novel megabirnavirus with a bisegmented dsRNA genome infecting S. sclerotiorum. The definitive nature of L2-dsRNA/SsMBV1, however, is uncertain (whether a genuine genomic virus component or a large satellite-like dsRNA; see Discussion below) and will probably remain so until a naturally occurring nonsegmented "megabirnavirus" is isolated and characterized.
SsMBV1 has slight impact on the biological properties of S. sclerotiorum. All mycovirus-free and SsMBV1-infected strains used in the present study were assessed for biological traits, such as colony morphology, growth rate, and virulence. All new mycovirus-infected isolates obtained by two experimental methods of PEG-mediated VLP transfection and horizontal transmission did not show any significant differences from their original virus-free strains (Fig. 7F) , which was consistent with the results of virus horizontal transmission (Fig. 8C and D) . These results suggested that SsMBV1 has slight or no impact on the biological properties of its hosts, regardless of the presence or absence of L2-dsRNA/ SsMBV1. Whether hypovirulence traits of strain SX466 are caused by other mycoviruses or by other biological factors need to be further explored.
DISCUSSION
The fungus S. sclerotiorum presents the greatest pathological threat to rapeseed and hosts a multitude of mycoviruses, including dsRNA, ssRNA, and single-stranded DNA (ssDNA) viruses (2, 17) . Screening and characterizing more novel mycoviruses will enhance our knowledge of mycovirus diversity in the population of S. sclerotiorum and provide new clues for mycovirus evolution and classification. In the present study, the full-length nucleotide sequence of a novel dsRNA mycovirus, SsMBV1, infecting a seemingly hypovirulent strain (SX466) of S. sclerotiorum, was determined and its genome organization was characterized.
The present study revealed that SsMBV1 has highest similarity (44% identity) with the previously reported megabirnavirus RnMBV1 based on conserved domains of putative RdRp protein and clustered into an independent phylogenetic clade with four mycoviruses, RnMBV1, PgLV-1, LeMV, and LeSV. The genomes of the three mycoviruses PgLV-1, LeMV, and LeSV comprise one large segment that encodes two putative proteins, but those vi- ruses appear to be capsidless based on previous reports (38, 39, 40) . The RnMBV1 genome was previously reported to comprise two dsRNA segments (dsRNA1 and dsRNA2) (5). RnMBV1-dsRNA2, however, was recently found to be dispensable for replication and encapsidation of RnMBV1. Moreover, RnMBV1-dsRNA1 is still packaged in normal VLPs, and VLP stability and infectivity in its fungal host remain unchanged even when lacking RnMBV1-dsRNA2 (41) . Therefore, the phylogenetic clade of SsMBV1 and its phylogenetically related unassigned mycoviruses that have similar genome organizations possibly belong to the family Megabirnaviridae, which is distinct from other established ones. However, SsMBV1 is markedly different from RnMVB1 in two aspects: one is that L2-dsRNA of SsMBV1 contains a conserved papain-like protease domain, whereas the dsRNA2 of RnMBV1 lacks such a domain. Another is that SsMBV1 VLPs have two major proteins with molecular masses of 135 kDa and 80 kDa, but RnMBV1 VLPs have a single major protein (135 kDa) and a minor protein with a molecular mass of 250 kDa (5) .
Based on sequence analysis and biological data presented in this study, we propose that SsMBV1 might be a novel dsRNA megabirnavirus, although a definitive definition of L2-dsRNA/ SsMBV1 (L2-dsRNA) as an authentic genome segment of SsMBV1 (or alternatively as a large satellite-like dsRNA of SsMBV1) remains in dispute. Several lines of evidence have been presented in support of the idea that L2-dsRNA/SsMBV1 might be a satellitelike RNA. First, the L2-dsRNA/SsMBV1 so far has not been found alone by screening all derivatives of strain SX466 but was always associated with the L1-dsRNA/SsMBV1. Second, sequence analysis indicated that L2-dsRNA/SsMBV1 does not encode its own replicase or any conserved replication domains. Therefore, replication of L2-dsRNA/SsMBV1 probably depends on the putative RdRp protein encoded by SsMBV1, and this suggests that L1-dsRNA/SsMBV1 and L2-dsRNA/SsMBV1 are not derived from two independent viruses. Third, SsMBV1 could be encapsidated into viral particles of ϳ45 nm in diameter. However, SsMBV1 could still be packaged in similar viral particles even in the absence of L2-dsRNA/SsMBV1. Thus, L2-dsRNA/SsMBV1 is not necessary for VLP assembly of SsMBV1. Fourth, when purified VLPs of SsMBV1 from strain SX466 were introduced into protoplasts of virulent strain Ep-1PNA367, two-thirds of newly transfected isolates harbored only L1-dsRNA/SsMBV1 but lacked the L2-dsRNA/SsMBV1, meaning that L2-dsRNA/SsMBV1 could escape from VLPs of SsMBV1 during the SsMBV1 infection process. Based on the combined properties of L2-dsRNA/SsMBV1 and the definition of satellite-like RNAs that rely on helper virus to supply proteins for replication (42, 43) , the L2-dsRNA/SsMBV1 could be regarded as a satellite-like RNA of the cognate helper virus SsMBV1.
Several lines of evidence also support the conclusion that the L2-dsRNA/SsMBV1 is a potential genome segment of SsMBV1 based on our present research and previous reports. First, although the second dsRNA segment of SsMBV1 could be lost from new fully viable transfectants, a nonsegmented megabirnavirus has not been detected in natural fungal isolates. Although megabirnavirus genome alterations or rearrangements might happen in newly transfected hosts and thus explain loss of L2-dsRNA, the underlying mechanism remains unknown. Second, VLP protein analysis reveals that the product of L2-dsRNA was detected. Moreover, comparison of different groups of transfectants suggests that L2-dsRNA contributes to a higher transcript level of L1-dsRNA and VLP stability, suggesting that the L2-dsRNA segment helps SsBMV1 to complete the infection cycle in nature. Third, both the 5= UTRs of the two dsRNA segments (L1-and L2-dsRNA) show extensive conserved sequences (Fig. 3A) ; this supports the notion that L2-dsRNA/SsMBV1 comprises a genome segment. It is worth mentioning here that conserved terminal sequences between satellites and their helper viruses are believed to be required for recognition by helper virus replicase. Fourth, instances of genome segment alterations are known to occur in mycoviruses as well as in plant viruses. Mycoreovirus 3 (MyRV3) infecting the white root rot fungus contains 12 dsRNA segments in nature, and MyRV3 is able to replicate well after loss of segment S8 during subculturing of infected host fungal strains (44) . However, MyRV3 is still considered a mycoreovirus with a 12-segment genome (45) . Field isolates of beet necrotic yellow vein virus (BNYVV), a multipartite ϩssRNA virus, usually consist of five RNA components, whereas only the two or three largest segments are responsible for systemic infection of host plants in the laboratory (46, 47, 48) . However, researchers still describe the BNYVV genome as consisting of five segments.
Interestingly, a conserved papain-like protease domain, phylogenetically related to protease p29 of CHV1-ORFA, was discovered in ORFA-encoded protein of L2-dsRNA/SsMBV1. This protease domain commonly occurs in ssRNA viruses, including members of families Potyviridae and Hypoviridae, but not in dsRNA viruses. The protease domain of hypoviruses has been shown to be responsible for autoproteolytic processing events, and polyprotein p69 was autocatalytically cleaved into two mature products, p29 and p40, by a papain-like protease domain within p29 in CHV1-ORFA (49) . Protease p29 has been confirmed to be a multifunctional protein of major significance for viral replication and RNA accumulation in the host. These effects are now generally ascribed to the role of suppression of the RNA silencing antiviral defense response (50, 51, 52, 53) . Whether the papainlike protease in SsMBV1 has functions similar to CHV1 p29 needs to be further explored.
The events of horizontal gene transfer (HGT) commonly occur not only between distinct evolutionary lineages of ssRNA, dsRNA, or DNA viruses but also between DNA and ssRNA viruses (7, 54, 55, 56, 57, 58, 59, 60) . These HGT events have been a major contributor of evolutionary innovation and a driver of speciation and environmental adaptation for viruses. However, no example of HGT has been reported between dsRNA and ssRNA viruses. In the present study, an interesting feature is that a papain-like protease domain (Peptidase_C7 superfamily) is shared between a dsRNA virus (L2-dsRNA/SsMBV1) and an ssRNA hypovirus of the family Hypoviridae. Our study provides three lines of evidence that support the conclusion that HGT occurred between L2-dsRNA/ SsMBV1 and a hypovirus. First, L2-dsRNA/SsMBV1 does contain a conserved domain of the papain-like protease based on sequence analysis, and a similar protease commonly exists in all known hypoviruses but is missing in dsRNA viruses. Second, phylogenetic analysis suggests that L2-dsRNA/SsMBV1-encoded protease is phylogenetically related to those encoded by hypoviruses CHV1, CHV3, and FgHV1 and formed an independent clade that is distantly related to other hypoviruses. Third, the conserved protease domain, phylogenetically related to CHV-1 p29, is situated at the N-terminal portion of the ORFA-encoded protein of L2-dsRNA/SsMBV1, but the sequence derived from the C-terminal portion of the ORFA-encoded protein has high sequence identity to the corresponding region of the C terminus of the ORF3-encoded protein of dsRNA2/RnMBV1. This phenomenon thus reveals that the ORFA-encoded protein of L2-dsRNA/SsMBV1 is produced as a consequence of recombinational events between different viruses. Moreover, several S. sclerotiorum isolates have been confirmed to be infected with hypoviruses (23, 61, 62, 63) , suggesting that some hosts provided opportunities for HGT between hypovirus and SsMBV1 during evolutionary processes. Based on the data presented here, we hypothesize that HGT might have occurred from a hypovirus to a dsRNA genomic component of SsMBV1 (or alternatively to an unusually large satellite-like dsRNA dependent on SsMBV1 for replication and encapsidation). This finding provides new insights into the evolutionary history of dsRNA and ssRNA viruses.
